Plasma-based ion implantation ͑PBII͒ is applied as a sterilization technique for three-dimensional work pieces. In the sterilization process, a pulsed negative high voltage ͑5 s pulse width, 300 pulses/s,−800 V to −13 kV͒ is applied to the electrode ͑workpiece͒ under N 2 at a gas pressure of 2.4 Pa. The resultant self-ignited plasma is shown to successfully reduce the number of active Bacillus pumilus cells by 10 5 times after 5 min of processing. The nitrogen ion energy is estimated using a simple method based on secondary ion mass spectroscopy analysis of the vertical distribution of nitrogen in PBII-treated Si.
I. INTRODUCTION
Plasma-based ion implantation ͑PBII͒ is potentially applicable for the sterilization of three-dimensional targets as a low-temperature, cost-efficient technique for medical equipment and containers.
1-3 Our group previously reported that PBII reduces Bacillus pumilus survivors by 10 4 -10 5 times in just 5 min, much faster than can be achieved by exposure to an external radio frequency ͑rf͒ plasma source at 222 kHz. 4 PBII can be used to sterilize three-dimensional shapes in a short time, without the use of toxic gases. However, the sterilization performance in conventional PBII, where the target is immersed in a rf burst inductively coupled plasma that is generated externally, is somewhat limited in that certain areas may be shadowed from exposure due to the shape of the object, and the ion penetration depth may not be adequate for complete sterilization. These shortcomings can be overcome through the use of a self-ignited plasma ͑SIP͒, which can be generated around the workpiece as a transient ion sheath by applying a pulsed direct current ͑dc͒ voltage to the target. In this process, known as energetic ion-assisted mixing and deposition, 5 energetic ions are accelerated in the gap between the sputtering cathode and the surface of the substrate, whereas in conventional beam-line ion-beam enhanced deposition, the substrate must be manipulated to achieve coverage and the ion beam requires rastering. 5 In this study, an SIP PBII method is examined as a gas plasma sterilization technique for medical applications. The ion energy in the sterilization process is also estimated using a simple method based on the depth profile of nitrogen in Si treated by the PBII technique. ϫ 10 −4 Pa, and the nitrogen gas pressure during plasma generation was maintained at 2.4 Pa. The depth profile of nitrogen in Si implanted by PBII was measured by secondary ion mass spectroscopy ͑SIMS͒.
II. EXPERIMENT
Bacillus pumilus ͑IFO No. 14367͒ was employed as the microorganism for sterilization. A suspension of B. pumilus was diluted with 0.85% NaCl saline solution or distilled water to a concentration of 10 7 spores per 1 mL of suspension. A 100 mL dose of the suspension was pipetted onto a membrane filter ͑thickness, 145 m; permittivity, 2.25͒ and then washed with distilled water to remove the saline solution. The filter was employed in this study instead of the glass plate used previously 4 in order to be bacteria uniformly on the filter surface. All processes were performed in a clean room with sterile equipment.
After exposure to plasma and ion bombardment for at least 2 h, the samples were placed in 50 mL containers with 0.85% NaCl saline. The containers were then set in an ultrasonic vibration bath for 5 min to detach the spores into suspension. The suspension was repeatedly diluted in saline to achieve a concentration reduction of 10 −5 . A sample of 1 mL of the diluted suspension was pipetted onto 20-30 mL of sterile culture ͑standard agar͒ in a sterile Petri dish. Dishes were then incubated at 37°C for 48 h. Colony-forming units were finally counted to determine the numbers of survivors of B. pumilus.
III. RESULTS
In combination with rf excitation, SIPs have been found to be generated around a substrate biased at negative voltages higher than −1.2 kV in a carbon-containing gas such as ethane or methane. 6 However, a much higher voltage was required in the present experiments due to the omission of the rf excitation source. Figure 2 shows the wave forms of the pulsed dc voltage and current used for both ion implan- tation and deposition. This voltage wave form was shown previously to be sufficient for generating a SIP around the target in N 2 gas. 4 The sterilization performance of the apparatus was tested using the substrates coated with a uniform distribution of B. pumilus ͑Fig. 3͒. The B. pumilus cells are approximately 1.0 m in length and 0.5 m in diameter. Assuming that the shell thickness of B. pumilus is about 1 / 10th of the diameter, the shell thickness is of the same order as the penetration depth of ions in PBII. The number of B. pumilus survivors is shown in Fig. 4 as a function of the pulsed dc voltage. The efficiency of sterilization, given by the ratio of the number of B. pumilus surviving after treatment to that prior to treatment, increased almost exponentially with voltage. Sterilization was achieved at voltages higher than about −4 kV, which represents a threshold voltage for the PBII sterilization process. These results suggest that the energy of incident ions is more important for sterilization than the ion dose.
The actual energy of nitrogen ions in the SIP was estimated by treating an Si target and measuring the depth-wise ion distribution by SIMS. Figure 5 shows the depth profile of nitrogen concentration in the treated Si sample. The peak in the concentration profile occurs at approximately the same depth at voltages of −8, −12 and −15 kV, although the maximum penetration depth increased with voltage.
The relationship between the peak position in the SIMS depth profile and the nitrogen ion energy was examined by simulation using SASAMAL ͑Pegasus Inc͒, which has been developed to simulate the dose dependence of concentration profiles and sputtering yields in ion implantation. 7 The reliability of the SASAMAL code is about 1 / 1000 of the peak value over 100 000 iterations. The results are shown in Fig.  6 . In these simulations, the maximum depth of nitrogen penetration increases with the ion energy, while the maximum N 2 concentration decreases. The peak position corresponds to the penetration range of ions at the several hundred volts applied in conventional ion implantation processes such as those employed in semiconductor processing was nearly equal at the N 2 concentration of about 10 20 cm −3 . Thus, the energy of nitrogen ions in the present SIP PBII process is estimated to be much smaller than that calculated based on the applied voltage in PBII. The increased efficiency of sterilization by PBII is considered to be attributable to the good penetration of ions, as indicated by the long tail in the concentration profile in Fig. 5 . Figure 7 shows the relationship between the depth of N 2 concentrations of 10 19 , 10 20 , and 10 21 cm −3 measured by SIMS and the depth of the peak N 2 concentration determined by the SASAMAL simulation. The nitrogen ion energy can be estimated by comparing the measured concentration depths with the SASAMAL simulation results. Under the conditions of the present process, the ion energy can be estimated using the 10 20 cm −3 concentration line, which provides the best match to the simulation results. This result demonstrates that the nitrogen ion energy can be estimated based on the nitrogen distribution in ion-implanted Si.
IV. SUMMARY
Plasma-based ion implantation using a self-ignited N 2 gas plasma was shown to be effective for sterilization in a medical context, reducing Bacilus pumilus populations by up to 10 5 times upon exposure for just 5 min. The nitrogen ion energy was calculated based on the depth profile of nitrogen in ion-implanted Si implanted and found to be low compared 
